Beneficial use of digester gas in Combined Heat and Power (CHP) systems requires treatment for removal of contaminants including hydrogen sulfide (H2S), moisture, siloxanes and Volatile Organic Compounds (VOC). Conversion to Renewable Natural Gas (RNG) for pipeline injection or vehicle fuel use requires removal of the same contaminants, plus digester gas upgrading to separate carbon dioxide (CO2) from the methane fraction of the digester gas, with the methane portion representing the RNG.
 Physical processes, processes that do not involve the chemical or biological transformation of the contaminant, such as:
• Chilling for moisture removal or deep chilling for siloxane removal.
• Adsorption of siloxane molecules onto activated carbon or other proprietary media. Adsorption is a process in which the substance adheres to the surface of the adsorbent, without chemically reacting with the adsorbent. Adsorption processes can be non-regenerable or regenerable. Regenerable systems use heat (Temperature Swing Adsorption) or pressure changes (Pressure Swing Adsorption) to regenerate the media.
• Membrane separation of carbon dioxide from methane • Physical absorption of carbon dioxide into water in water scrubbers, whereby the carbon dioxide dissolves into a water solution but does not react with chemicals in the water.  Chemical processes: processes involving chemical reactions, such as:
• Addition of ferric salts to digesters, which results in the chemical precipitation of ferrous sulfide (FeS) • Chemical absorption which involves absorption into a liquid solution, followed by a chemical reaction. This is typically configured as a chemical scrubber, a vessel filled with packed media that maximize the contact area between the liquid adsorbent and the biogas. For example: A) iron sponge which involves the absorption or dissolution of H2S into the liquid phase and subsequent chemical reaction with the hydrated ferric oxide. B) Chemical scrubbers for H2S removal in which the gas dissolves in a caustic soda solution and subsequently reacts with the caustic soda. C) Amine scrubbers for carbon dioxide removal.  Biological processes: processes involving biological activity, such as:
• Biological scrubber for H2S removal in which biogas is passed through a packed bed wet scrubber where Thiobacillus bacteria convert H2S into elemental sulfur.
System and Vessel Configuration
Digester gas treatment systems must be properly configured to maximize their performance, efficiency, and reliability. For example, iron sponge systems for H2S removal require the gas to be wet, so they are placed prior to moisture removal. Conversely, activated carbon systems for siloxane removal can also remove water, so it is critical to place these systems after moisture removal to maximize the life of the media.
Media-filled vessels (whether they act through adsorption or absorption) are often arranged in a configuration referred to as lead/lag. The lead/lag configuration consists of two vessels in series. The raw gas passes through the lead vessel first where it reacts with the media to remove most of the contaminant. Subsequently, the gas flows through the lag vessel, to polish or remove any remaining contaminant. Contaminant concentrations are measured after the lead vessel to detect breakthrough which indicates the media has been used up. Once breakthrough is detected, the lead and lag vessels are switched: the lag vessel is switched to lead, and the lead vessel is taken offline for media replacement. The vessel with fresh media is brought back online as the lag vessel.
HYDROGEN SULFIDE REMOVAL
H2S is removed to avoid corrosion of metal equipment, to protect the more expensive siloxane removal media, and to reduce sulfur oxide (SOx) emissions from biogas combustion equipment.
Processes to remove H2S from biogas include physical processes like activated carbon adsorption, chemical processes like chemical absorption onto iron sponge or iron oxide granular media and packed bed chemical scrubbers, and biological scrubbers. The H2S concentration in the biogas can also be controlled by adding ferric salts to the sludge ahead of or in the anaerobic digesters.
The H2S removal processes, technology providers, and number of installations are summarized in Table 2 -1, and described in more detail in the sections below. 
Iron Sponge
In this process, biogas is passed through a permeable bed of iron sponge. Iron sponge is made up of wood chips coated in hydrated iron oxide. As H2S passes through the iron sponge media, an exothermic (heat-producing) reaction takes place, converting H2S to ferric sulfide (black solid) and water.
To increase media life and improve treated gas quality, iron sponge vessels are often arranged in a lead/lag setup, described in Section 2.1.2.
Iron sponge systems can be regenerable or non-regenerable. In non-regenerable systems, the media is used until it is spent at which point it is removed and replaced with new media. The spent media is disposed in a landfill. A disadvantage of non-regenerable iron sponge systems is that the used media can "cement up" and the process of removing the media and refilling the vessel can be messy and labor intensive. However, suppliers have developed means of breaking up the media or removing the media in large discs to facilitate media change-outs.
In regenerable systems, the iron sponge is regenerated and re-used up to 3 times before replacement. The regeneration of iron sponge produces elemental sulfur which coats the wood chips and decreases the effectiveness of the material, so the bed life is typically reduced by 50% with each regeneration cycle. The regeneration of the iron sponge is a highly exothermic reaction that uses water and air to oxidize the iron sulfide compounds forming sulfur and re-generating the hydrated ferric hydroxide. If not submerged in a flowing water bath and controlled properly, the iron chips can get very hot and combust spontaneously.
Iron Oxide on Granular Media (SulfaTreat and AxTrap)
Several manufacturers have developed processes whereby the hydrated ferric oxide is carried on granular media instead of wood chips. While more expensive than iron sponge, using granular media has operational advantages. The media is free-flowing and will not cement up like iron sponge media. The most common granular media process is Sulfa-Treat.
SulfaTreat is a patented process where the H2S laden digester gas is passed through a bed of media that selectively reacts with H2S in the gas. SulfaTreat media is based on iron-based materials similar to the iron sponge. Like iron sponge vessels, SulfaTreat vessels are often arranged in a lead/lag setup. 
Activated carbon
Activated carbon can also be used to remove H2S from biogas. However, activated carbon is more expensive than iron sponge and granular oxide media. For this reason, activated carbon has typically only been used in specialized polishing applications where very low H2S concentrations must be achieved, such as to remove H2S prior to biogas upgrading for injection into the natural gas pipeline or use as vehicle fuel; or for very small or low concentration applications, where the cost of media replacements is less significant. Because activated carbon also removes moisture, moisture is typically removed prior to activated carbon H2S removal systems to extend the media life.
Biological scrubber
Biogas is fed into a biological scrubber where Thiobacillus bacteria convert H2S into elemental sulfur. The scrubber is filled with packing media which provides the surface for the bacteria to grow on. The scrubber liquid is pumped to the top of the tank where spray nozzles distribute it over the packing media. The scrubber liquid trickles down through the packed bed and provides the moisture and nutrients necessary for the bacteria. A small amount of air is injected into the reactor which is needed by the bacteria to oxidize the H2S.
Startup can take several days to weeks for the Thiobacillus bacteria to grow on the media. The biological process requires additional monitoring to assure the bioreactor operates within specified guidelines. Because the process injects air into the gas stream in the bioreactor section, N2 and O2 may be introduced into the biogas stream. This is particularly a problem for pipeline injection and vehicle fuel applications, which require very low levels of N2 and O2.
Biological scrubbers compete with more conventional iron sponge systems in high H2S load applications. While the capital cost is slightly higher, the operating cost is lower because it does not require media replacement.
Chemical Scrubber
Biogas is fed into a packed absorber column where the gas comes into contact with a caustic soda solution. The H2S dissolves into the solution and reacts with the caustic soda. A disadvantage of chemical scrubbers is the use of chemicals, which can result in a high operating cost and may require use of corrosion resistant construction materials. To reduce the use of chemicals, some companies provide chemical scrubbers with biological regeneration. In fact, the vast majority of chemical scrubber installations include biological regeneration.
One example of a regenerable chemical scrubber system is Paques' THIOPAQ process. In this process, the spent chemical solution is fed to an aerobic bioreactor where Thiobacillus bacteria convert H2S into elemental sulfur by the same mechanism described above for the biological scrubber. Lean or regenerated solvent is then recycled back to the reactor, while the elemental sulfur slurry produced by the Thiobacillus bacteria is pumped to a settling tank for sulfur extraction. A schematic of the process is shown in Figure 2 -1. 
MOISTURE REMOVAL
Moisture removal is beneficial to avoid condensation of water in the gas piping and fuel trains. Condensation in the presence of even low concentrations of H2S can create corrosive conditions. Moisture removal is generally required ahead of siloxane removal systems; the water vapor interferes with or reduces the effectiveness of adsorptive media.
The vast majority of installations remove moisture by cooling the gas in a chiller. Some specialized applications use physical absorption onto a dessicant.
The moisture removal processes, technology providers, and number of installations are summarized in Table 2 -2, and described in more detail in the sections below. 
Conventional Chillers
The most common type of moisture removal process employs a chiller that uses a refrigerant to cool a liquid (glycol) which in turn is used to cool gas using a liquid-to-gas heat exchanger. Moisture is removed by cooling the gas through a heat exchanger to a dew point of 40 degrees Fahrenheit (°F) to condense the water in the gas stream. A second heat exchanger is then used to reheat the gas (usually to 70° to 80°F) using heat taken from the gas in the first heat exchanger. This reheating step provides separation from dew point that allows the gas to be piped without additional moisture dropping out as the gas cool, as long as the temperature remains above the 40°F dew pointtemperature .. The chiller is the same as used for building air conditioning systems.
Dessicant dryers
Dessicants are solid substances that absorb water. Dessicant dryers work by feeding the gas to a vessel full of dessicant media; the moisture in the gas absorbs to the dessicant. The saturated dessicant is typically regenerated using hot air. At least two vessels are included so that one vessel is operating while the other is regenerating.
SILOXANE REMOVAL
Siloxanes are a group of silicon containing organic compounds that turn into solid silicon dioxide upon combustion. Silicon dioxide can cause major wear of moving mechanical equipment like turbine blades, engine fuel injectors and pistons, and can coat heat recovery heat exchangers reducing their efficiency. Volatile organic compounds (VOC) are typically removed by the same processes that remove siloxanes, so their concentration must also be taken into account when sizing systems.
Siloxanes are typically removed through adsorption in vessels filled with solid media, most commonly activated carbon. Some technology providers offer adsorbent media filters with proprietary media such as activated alumina, silica gel, and polymers. Some of these proprietary medias can be regenerated by heating it up in a process called Temperature Swing Adsorption (TSA). Siloxanes can also be removed through a deep chilling process by cooling the gas to a dew point temperature -10°F or lower. Most adsorption-based siloxane removal systems require H2S and moisture removal upstream to protect and prolong the life of the media.
The siloxane removal processes, technology providers, and number of installations are summarized in Table 2 -3, and described in more detail in the sections below. 
Activated Carbon Non-Regenerable Adsorption
Activated carbon non-regenerable adsorption is the most common type of siloxane removal used in the municipal wastewater industry. The biogas is passed through vessels filled with activated carbon. Siloxanes and VOCs in the gas adsorb or adhere to the surface of the activated carbon media. H2S and moisture must be removed from the biogas prior to passing through the activated carbon vessels to protect and prolong the life of the media. A particulate filter is provided after the activated carbon vessels to capture any carbon particles that may be carried over in the gas stream.
Activated carbon vessels are typically arranged in lead-lag configuration, described in Section 2.1.2. The vessels are typically made of stainless steel. The systems are typically designed so that media replacement occurs every three to six months. Spent media is disposed in a landfill.
Temperature Swing Adsorption (TSA)
In the TSA process, the media is regenerated through a change in temperature. In this process, the biogas is passed through one of two vessels where the siloxane and VOC molecules adhere or adsorb to the surface of the media. Meanwhile, the other vessel is being regenerated, as shown in Figure 2 -2. After some time, the vessels are switched so that the regenerated vessel is brought on line and the contaminated vessel is put on the regeneration cycle. The switching of tanks occurs automatically and continuously on an adjustable cycle to provide continuous siloxane removal with no interruption of the gas stream. The switch is usually programmed to take place every 12 or every 24 hours.
During the regeneration phase, the media can be heated by an electric heater or gas heater. The heat breaks the bond between the media and the siloxane and VOC molecules. The desorbed contaminants are carried out in the air stream. Depending on air emission regulations, this offgas may be vented to the atmosphere or disposed in a flare or thermal oxidizer. A single media or a combination of medias can be used in regenerable systems. These include activated carbon and proprietary materials such as zeolites, silica gel, activated alumina, and polymers. Some of the technology providers provide a cartridge system rather than the more typical cylindrical stainless steel vessels. Some systems require moisture removal upstream while others do not. The system details for each technology provider are listed in Table 2 -4. 
Deep Chilling
Deep chilling, or low temperature gas drying, works by cooling the gas to a very low temperature to remove all the moisture in the gas, and with it, a majority of the siloxanes. Approximately 96 to 97 percent of the siloxanes can be removed when the gas is dried to a dew point temperature of -10°F or lower. A major advantage of this system is that it removes both moisture and siloxanes in one step, potentially reducing the cost and complexity of the system.
Disadvantages of the deep chilling system are that the technology is not well proven and the system is provided by only one manufacturer, Pioneer Air. Pioneer Air has several installations using an older design which had issues with uneven cooling and freezing at the bottom of the reactor. Pioneer Air has updated its design to resolve this issue. The new design uses a glycol system similar to a conventional chiller instead of direct refrigerant chilling. There is only one installation so far using this new design located in Millbrae, CA. The system has performed well and has experienced no issues during its first year of operations, based on conversations with management and operating staff.
GAS UPGRADING: CARBON DIOXIDE REMOVAL
Conversion to Renewable Natural Gas (RNG) for pipeline injection or vehicle fuel use requires digester gas upgrading which consists mainly of separating carbon dioxide (CO2) from the methane fraction of the digester gas, with the methane portion representing the RNG.
The gas upgrading processes, technology providers, and number of installations are summarized in Table 2 -5, and described in more detail in the sections below. 
Pressure Swing Adsorption (PSA)
Pressure Swing Adsorption is a physical adsorption process where the media is regenerated through changes in pressure. Different vendors provide different types of media including molecular sieve (zeolite), activated carbon, etc. As shown in Figure 2 -3, the digester gas is passed through the bed of media at high pressure which maximizes adsorption of CO2 onto the media. Once the media is saturated, the vessel is then depressurized and the CO2 desorbs from the media. At least two vessels are provided so that at any given time one vessel is in adsorption mode, while the other is in desorption mode. A waste gas rich in CO2 is produced which, depending on the local air emission regulations, may be disposed into the atmosphere, or combusted in a flare or thermal oxidizer.
Most PSA systems for carbon dioxide removal require H2S, moisture, and siloxane removal upstream to protect the PSA media. Guild's system which uses a patented molecular sieve media is unique in that it does not require pretreatment and removes H2S, moisture, siloxanes and carbon dioxide in one step through the PSA process. 
Selective Membrane
Membrane separation works by pressurizing the digester gas and passing it through selective membrane modules that separates the carbon dioxide from the methane. Pressure inside the membrane creates a concentration gradient which drives diffusion of molecules through the membrane. As shown in Figure 2 -4, the membrane allows CO2 to pass through, while the CH4 remains inside the membrane. Membrane systems require H2S, moisture, siloxane and VOC removal upstream. Membrane systems can have two stages or three stages of membrane modules depending on the target methane concentration. 
Water Scrubbing
Water scrubbing is a physical absorption process that works by pressurizing the digester gas and passing it through a packed bed water scrubber. The CO2 dissolves or absorbs into the water.
Similar to PSA, the water carbon dioxide solution is then regenerated by depressurizing the vessel. As shown in Figure 2 -5, the systems are typically set up with two vessels: one continuously in absorption mode and the other in regeneration mode. 
Amine Scrubbing
Amine scrubbing works almost exactly like water scrubbing, with one enhancement. After CO2 dissolves into the water solution it reacts with amines. Thus, it is a chemical absorption process. Absorption occurs at low temperature. The amine solution is regenerated at high temperature. The systems are typically set up with two vessels: one continuously in absorption mode and the other in regeneration mode.
MMSD South Shore WRF Case Study
A comprehensive analysis of digester gas treatment technologies was conducted to select the best fit gas treatment system for the South Shore Water Reclamation Facility (WRF) operated by the Milwaukee Metropolitan Sewerage District (MMSD).
BASIS OF DESIGN
Digester gas flows are presented in Table 3 -1. Raw digester gas contaminant concentrations and treatment requirements for H2S, moisture, and siloxane removal are summarized in Table 3 -2.
The South Shore WRF currently adds ferric for chemical phosphorus (P) removal. For this reason, H2S concentrations over the past two years have been consistently below 100 ppmv. If current operations continue, H2S removal is not needed. However, a wastewater process change to biological phosphorus removal could reduce or eliminate iron addition. Thus, a higher H2S concentration of 500 ppm was used as a basis of design. 
DIGESTER GAS FLOWS UNITS FLOW BASIS USE FOR:
Flow, maximum scfm 1,500 Engine gas utilization capacity and current peak gas production.
Equipment sizing
Flow, average scfm 900 Current average gas production. O&M cost estimate (power, media usage)
Flow, minimum scfm 500 Current minimum gas production. Turndown requirement Note: assumed no growth in gas production over 20 year period. 
LIFE-CYCLE COST EVALUATION
A life-cycle cost evaluation was performed to identify the most cost effective H2S, moisture, and siloxane removal technologies for the South Shore WRF. The capital costs and O&M costs were calculated based on information provided by system manufacturers and capital cost adders and unit costs specified by MMSD. This section presents the results and recommendations from this evaluation.
H2S Removal Alternatives
The life cycle costs of each H2S removal system are shown in Figure 3 -1 and Table 3 -3. The biological and chemical scrubber systems appear to have the lowest life-cycle cost. However, these systems require the treatment units to be kept warm, either using heat tracing on the treatment vessel or installing the treatment system indoors. The cost of this heating equipment was not included in the manufacturers' pricing or the cost analysis. It is expected that the heating costs would increase the life cycle costs of the biological and chemical scrubber systems to be nearly equivalent to ferric addition. Minimal capital costs are associated with ferric addition and the facility's staff has significant experience with the material. Therefore, ferric addition is the recommended alternative for H2S removal at this facility. 
Siloxane Removal Alternatives
The siloxane removal technologies assessed were activated carbon adsorption, Temperature Swing Adsorption (TSA), and deep chilling. Pioneer Air's deep chilling technology removes both moisture and siloxanes. An additional life-cycle cost analysis was carried out to compare deep chilling to the more conventional moisture and siloxane removal system costs from Unison.
Activated Carbon Adsorption vs Temperature Swing Adsorption
The life cycle costs of each siloxane removal system are shown in Figure 3 -2 and Table 3-4. The activated carbon systems have a lower life-cycle cost than the TSA systems at this siloxane concentration.
Additional analysis was carried out to determine at what siloxane concentration the regenerable TSA system makes sense at the average design flow of 900 scfm. Figure 3-3 shows a break-even curve comparing carbon adsorption and TSA. The break-even point between carbon adsorption and TSA is 2,300 ppbv for the low cost TSA option. For the high cost TSA option, the break-even point is 3,300 ppbv.
Deep Chilling vs Conventional Moisture and Siloxane Removal
An additional life-cycle cost analysis was carried out to compare deep chilling to conventional moisture and siloxane removal. The moisture removal system using a chiller and heat exchanger and the siloxane removal system using activated carbon adsorption was used as a basis for the comparison. Table 3 -4 provides a summary of the life-cycle cost results. The capital costs for the deep chilling system are lower than conventional moisture and siloxane removal. The O&M costs of deep chilling are slightly lower due to the reduced carbon usage, despite the higher power usage. Overall, the present value costs are slightly lower for the deep chilling system. Further analysis during preliminary design revealed additional installation costs for the deep chilling system for the more complex controls, which resulted in the capital costs being slightly higher than for conventional moisture and siloxane removal. For South Shore WRF there was insufficient space in existing buildings to locate the deep chilling equipment and an outdoor installation or new building proved to be undesirable for MMSD. For these reasons, conventional moisture removal and activated carbon for siloxane removal were selected. 
